The abts and sulp families of anion transporters from 
exchange. These findings encourage exploitation of the genetic strengths of the nematode model system in the study of the physiological roles of anion transport by the proteins of these two highly conserved gene families.
ANION EXCHANGERS (AE) play a key role in the maintenance of many physiological processes in the body. The two main AE gene families encoding transporters of HCO 3 Ϫ as well as other anions are the SLC4 and SLC26 families. The mammalian AEs SLC4A1-SLC4A3 encode proteins that mediate Na ϩ -independent electroneutral exchange of Cl Ϫ for HCO 3 Ϫ . AE1/SLC4A1 was first identified as the erythrocyte band 3 protein (30, 48, 57) , with AE2/SLC4A2 and AE3/SLC4A3 then identified by homology (see Ref. 29) . These three proteins comprise a subfamily of the wider SLC4 family, which includes the Na ϩ -dependent HCO 3 Ϫ transport proteins SLC4A4 -SLC4A11 (for review, see Refs. 2, 47) . AE1/SLC4A1 is the principal integral membrane protein of the erythrocyte. In concert with carbonic anhydrase, it participates in CO 2 metabolism and pulmonary gas exchange (56) . AE1 is also expressed in the basolateral membrane of the acid-secreting intercalated cell of the kidney collecting duct. AE1 mutations are associated with spherocytic anemia and distal renal tubular acidosis (1) . AE1 also plays an important role in mitotic cytokinesis during the proliferative steps of late erythroid development (45) . AE2/SLC4A2 is found in many tissues and, unlike AE1, is inhibited by protons in the physiological range and activated by hypertonicity, suggesting a role in intracellular pH (pH i ) homeostasis and cell volume regulation (19 -21, 23, 60) . Absence of AE2/SLC4A2 in the mouse leads to gastric abnormalities and achlorhydria, with death occurring at or before weaning (13) . Human mutations of the electrogenic Na ϩ -HCO 3 Ϫ cotransporter (NBC) isoform 1 (NBCe1)/SLC4A4 are associated with severe proximal renal tubular acidosis with ocular abnormalities (22) . The electroneutral Na ϩ -HCO 3 Ϫ cotransporter 1 (NBCn1)/SLC4A7-knockout mouse exhibits blindness and auditory impairment (5) . RNA interference (RNAi) gene knockdown of the borate transporter 1 (BTR1)-electrogenic Na ϩ -coupled borate transporter 1 (NaBC1)-SLC4A11 in cultured human cells inhibits [ 3 H]thymidine uptake in a manner that can be rescued by borate supplementation (43) .
The SLC26 anion transporter family encodes polypeptide products of at least 10 genes (for review, see Ref. 37) . The original mammalian member of this family, the sulfate anion transporter (SAT-1/SLC26A1), was expression cloned as a sulfate transporter (4) . Additional family members were identified by positional cloning of disease loci for diastrophic dysplasia sulfate transporter (DTDST/SLC26A2) (17) , congenital Cl Ϫ -losing diarrhea [downregulated in adenoma (DRA)/ SLC26A3] (18, 54) , and Pendred syndrome (pendrin/ SLC26A4) (12) , as well as by genomic homology searches (32) . The SLC26 AEs exhibit a wide range of anion selectivity. DTDST/SLC26A2 appears to mediate HCO 3 Ϫ -inhibitable sulfate transport (51) . Pendrin/SLC26A4 exchanges I or Cl Ϫ for Cl Ϫ or HCO 3 Ϫ but can also transport formate. SLC26A3 is primarily a Cl Ϫ /HCO 3 Ϫ exchanger, whereas SLC26A6 transports a broad range of anions, including oxalate (26, 65) . Their mechanisms of transport remain controversial (7, 27) , and prestin/SLC26A5 may move bound intracellular anion through a portion of the transmembrane electrical potential without completing anion translocation and transrelease (42) .
The apically localized SLC26 polypeptides SLC26A3/DRA, SLC26A4/pendrin, and SLC26A6 are upregulated by coexpressed CFTR (7, 8, 27) . SLC26A3 conversely can upregulate CFTR channel activity through binding of its sulfate transporter and anti--factor antagonist (STAS) domain to the R domain of CFTR (28) . SLC26A3 is also thought to interact with CFTR (28) and with Na ϩ /H ϩ exchanger 3 (NHE3) (31) indirectly through common interactions with postsynaptic density-95/Drosophila disk large/zonula occludens-1 homology (PDZ) domain proteins such as NHE regulatory factor (NHERF)/NHE3 kinase A regulatory protein (E3KARP).
We have previously cloned and characterized the entire family of nematode NHEs nhx-1-nhx-9 (39) and have shown that loss of the intestine-specific nhx-2 gene product leads to a starvation phenotype and increases longevity (38) . Toward the goal of establishing C. elegans as an experimental system for the study of pH regulation in an intact animal, we have initiated characterization of putative C. elegans anion transporters homologous to mammalian Cl Ϫ /HCO 3 Ϫ exchangers. Herein we present the cDNA sequences, cellular and subcellular localization, and initial functional studies of these novel proteins.
METHODS
cDNA cloning. Basic local alignment search tool (BLAST) analysis was performed with default parameters identified in the C. elegans genome database for predicted open reading frames (ORFs) homologous to human SLC4 proteins and eight predicted ORFs homologous to human SLC26 proteins. The C. elegans genes encoding the SLC4-related ORFs (followed in parentheses by the newly assigned gene names) are F52B5.1 (abts-1), F52D10.1 (abts-2), F57F10.1 (abts-3), and R03E9.3 (abts-4). The C. elegans genes encoding the SLC26-related ORFs are C55B7.6 (sulp-1), F14D12.5 (sulp-2), F41D9.5 (sulp-3), K12G11.1 (sulp-4), K12G11.2 (sulp-5), W01B11.2 (sulp-6), WO4G3.6 (sulp-7), and ZK287.2 (sulp-8). The 5Ј and 3Ј ends of each predicted cDNA were amplified using nested rapid amplification of cDNA ends (RACE) and anchored with either an adapter primer at the 3Ј end (added during cDNA synthesis) or an SL1-transspliced leader primer at the 5Ј end. Internal primers were based on conserved sequence motifs in the predicted proteins. Multiple products of both the predicted and nonpredicted sizes were cloned and sequenced for each RACE reaction to assess splice site variation as well as alternate transcriptional initiation and termination sites. Multiple attempts at 3Ј-RACE for sulp-6 were unsuccessful. The physiological presence and integrity of each splice variant was confirmed by performing RT-PCR amplification of the full-length coding sequence, followed by sequencing of multiple amplification products on both strands and alignment with the nematode genome sequence. Single-site mutations were corrected using oligonucleotide-mediated mutagenesis. The fulllength cDNA were submitted to both GenBank and WormBase. 1 Promoter transgene analysis. As described previously (39) , transcriptional promoter fusions to green fluorescent protein (GFP) were created by performing PCR amplification of a 4-kb 5Ј upstream genomic sequence for each isoform and using restriction site-tagged oligonucleotide primers with a mutant start codon complement (ATG to TTG). These PCR products were cloned into the complementary sites of the five synthetic introns-containing vector pFH6.II (F. Hagen, University of Rochester, Rochester NY) derived from pPD95.81 (A. Fire, Carnegie Institution of Washington, Baltimore, MD) to create the four SLC4-related plasmids pFH6-abts-1-pFH6-abts-4 and the eight SLC26-related plasmids pFH6-sulp-1-pFH6-sulp-8. Translational promoter fusions (pTS1-abts-N and pTS1sulp-N) were amplified using 3Ј genomic primers that annealed immediately before the stop codons to produce in-frame 3Ј fusions with GFP. Because the abts-4 gene exceeds 17 kb in length, the abts-4 translational fusion was created with the cDNA rather than with the gene. In several instances, rather than clone the promoter/ORF, a PCR product containing GFP from pFH6.II was annealed with a promoter/ORF genomic PCR product with complementary overhangs, and the resulting amplified linear DNA was then injected as described below.
GE24 pha-1(e2123ts) nematodes were cultured at 15°C on nematode growth medium plates containing 5 g/ml cholesterol seeded with OP50 bacteria from an overnight culture using standard techniques. GFP fusion constructs were mixed with pCL1 at 75 g/ml each in high-K ϩ injection buffer to rescue the pha-1 deficit (15) and then were coinjected into the gonad of young adults as described previously (34) . After 4 days at 22°C, surviving first generation (F1) progeny from at least 10 injections were picked to separate plates to evaluate germline transmission. F2 generation nematodes anesthetized on 2% agarose pads were irradiated using a 150-W Hg lamp with a TILL Photonics Polychrome IV monochomator and a Nikon Eclipse E2000 microscope with Apo series objectives and a GFP long-pass emission filter set, or using a Leica DRME confocal microscope under 488-nm laser illumination and a fluorescein isothiocyanate filter set as appropriate. Images were processed using Adobe PhotoShop software (Adobe Systems, San Jose, CA).
Anion influx. The ORFs for abts-1, abts-2, sulp-2, and sulp-4 were subcloned into the oocyte expression vector pBF (63) . Capped cRNA was transcribed from linearized cDNA templates with SP6 RNA polymerase (Ambion, Austin, TX) and resuspended in diethylpyrocarbonate-treated water. RNA integrity was confirmed by performing agarose gel electrophoresis in formaldehyde. Mature female Xenopus (NASCO, Madison, WI) were maintained and subjected to partial ovariectomy under tricaine hypothermia anesthesia as previously described (20) Oocytes previously injected with abts-1 cRNA or with water were incubated for 30 min at room temperature with 5 M 2Ј,7Ј-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein acetoxymethyl ester (BCECF-AM). BCECF-labeled oocytes were mounted in a 0.8-ml superfusion chamber on a microscope stage. Cl Ϫ /HCO 3 Ϫ exchange was measured using BCECF fluorescence ratio imaging of oocyte pH i changes during removal and restoration of superfusate Cl Ϫ concentration (72 mM) in the presence of 5% CO2-24 mM HCO 3 Ϫ , with gluconate used as the substituting anion (11) . Data acquisition and analysis were performed using MetaFluor software (Universal Imaging, Downingtown, PA). Initial rates of dpH i/dt were measured using the least-squares linear fit of initial slopes. Buffer capacity (␤ T) was calculated as the sum of intrinsic buffer capacity (␤ i), which is 18 -20 mM/pH unit (59), plus CO2 buffer capacity (␤ CO 2 ). Data are expressed as proton flux JHϩ ϭ dpHi/dt ϫ ␤T.
RESULTS

The abts and sulp gene families in C.
elegans. An initial BLAST analysis of the C. elegans genome revealed four putative genes encoding predicted polypeptides homologous to human SLC4 AE proteins and eight putative genes encoding polypeptide sequences homologous to human SLC26 AE proteins. Each of the initially predicted C. elegans ORFs was used to design multiple sets of nested primers for 5Ј and 3Ј RACE.
The 5Ј and 3Ј end sequences identified by performing RACE were then used to amplify full-length ORFs using high-fidelity reaction conditions and Pyrococcus furiosus (Pfu) polymerase (Stratagene, La Jolla, CA). Each targeted region was amplified independently at least three times, and in cases in which multiple PCR products were obtained, each band was isolated, cloned, and sequenced. This approach generated complete cDNA for each of the four SLC4 homologs, anion bicarbonate transporters named abts-1-abts-4, and for six of the eight SLC26 homologs, sulfate permeases named sulp-1-sulp-8, as shown in Fig. 1 , A and B. The 3Ј end of the sulp-6 transcript remains unknown, despite 3Ј-RACE amplification attempts with multiple sets of validated, nested PCR primer pairs. Although sulp-7 amplification products encoded predicted ORFs that were much shorter in length than predicted by the other sulp genes, these short cDNA were polyadenylated. However, a recent addition to the nematode database suggests the existence of a longer isoform that we did not identify using 3Ј-RACE (see sulp-7d in Fig. 1B ). 2 These putative transporter polypeptides of the nematode resemble their mammalian counterparts in predicted membrane topography. The ABTS proteins consist of an NH 2 -terminal cytoplasmic domain of 400 -700 amino acids (aa), a transmembrane domain of 500 aa predicted to traverse the lipid bilayer 12-14 times, and a short COOH-terminal cytoplasmic domain. The C. elegans polypeptide sequences are in general more closely related to each other than to any of the mammalian gene products (Fig. 1B) , with the exception of a recent addition to the SLC4 superfamily: BTR1/SLC4A11 (44) . BTR1 is a borate transporter important for cell proliferation (43) and is related more closely to the ABTS-2 and ABTS-3 proteins of C. elegans than to any other mammalian SLC4 gene product. In addition, the ABTS-1 protein resembles the mammalian Na ϩ -dependent Cl Ϫ /HCO 3 Ϫ exchangers SLC4A8 and SLC4A10 to a slightly greater degree than it resembles other mammalian sequences. Three of the four abts gene products (ABTS-1, -3, and -4) contain variants of a WRETARW motif that is well conserved in most human AE/NBC-type transporters and is important for the pH sensitivity of AE in rodent slc4a2 and slc4a3 (59) . ABTS-1 and -4 also contain a conserved histidine ϳ20 aa further toward the COOH terminus that has likewise been shown to be important for pH sensing (60) . All four A splice substitution that occurred at ϳ25% frequency in the abts-4 gene is depicted by a dashed line running from an alternative splice donor site 20 nt beyond the end of exon 17 to the splice acceptor site at the beginning of exon 19. A variable 12-nt deletion was identified at the start of exon 9 in ϳ50% of the cDNA obtained from sulp-1, while the loss of exon 8 was observed in one sulp-3 clone. In addition, multiple short transcripts were identified from sulp-7. Finally, sulp-8 gave rise to two alternate SL1-transspliced leader sites of addition, but the conceptually translated proteins of each were identical. To examine possible orthologs, CLUSTAL W multiple sequence alignments of the entire conceptually translated open reading frames (ORFs) were followed by phylogenetic analysis of the human SLC4 with the worm abts genes (C) or of the human SLC26 with the worm sulp genes (D).
ABTS proteins also contain, near the COOH terminus, variations of an acidic region that in SLC4A1 and SLC4A2 binds carbonic anhydrase II (64) , with resultant enhancement in HCO 3 Ϫ transport (11, 58) . 3 The predicted SULP protein sequences are 25-35% identical to their mammalian counterparts, with the greatest similarity evident in the hydrophobic predicted transmembrane domains. SULP-3, -4, -5, -7, and -8 polypeptides form a separate subclass within the SULP superfamily, but the low degree of homology with the mammalian SLC26 polypeptides renders ortholog assignment difficult.
All SULP proteins contain STAS domains (3), with the sole exception of the short sulp-7 polypeptide variants. STAS domains of SLC26 proteins may contribute to plasma membrane localization (55) , and previous work has shown that loss of this domain abolishes SLC26 transport activity. Loss or inactivating mutation of the STAS domain of SLC26A3 also abolishes stimulation of CFTR in overexpression systems (28) . However, unlike the COOH-terminal class I PDZ-binding motifs of the mammalian SLC26 proteins, only SULP-1 among the eight SULP proteins has a predicted (class III) PDZbinding motif (aa 726 -729). Additional functionally significant amino acids conserved among mammalian and plant SLC26 proteins (24, 49) are present in the nematode proteins.
Several sulp splice variants were found. Two sulp-1 exon 9 acceptor sites are separated by 12 nt, resulting in optional inclusion of four additional amino acids within a variable loop of the STAS domain (Fig. 1C) . A sulp-3 cDNA lacking exon 8 is missing amino acids that are highly conserved within a putative transmembrane domain, but an SLC26A6 splice variant (SLC26A6-d) that contains a similar deletion was recently found to be functional (33) , and hAE1 has been shown to retain activity in the absence of transmembrane domains 5 and 6 (16) . Sulp-7 gave rise to multiple 5Ј and 3Ј RACE products, while the two sulp-8 variants differed at the 5Ј UTR but encoded identical polypeptides. All sulp transcripts except sulp-3 were found to be SL1 transspliced.
The abts and sulp genes are expressed in both unique and overlapping patterns. Genomic DNA fragments upstream of the mapped start sites for each member of the abts and sulp gene families were cloned into a promoterless GFP expression vector and then injected into nematodes to create transgenic strains that fluoresce in the cells in which each of the transporters is expressed. These expression patterns likely do not reveal the complete cellular range of expression. Strong GFP expression in one cell type may obscure weaker expression in another nearby cell. GFP transgene loss during cell division can result in mosaicism and an incomplete repertoire of fluorescent cells in any given animal. In addition, the expression of transgenes cannot be assumed to replicate accurately native gene expression patterns. However, with these caveats in mind, the gene expression patterns described herein can be used to direct efforts at elucidating physiologically relevant gene function. Table 1 summarizes the cellular patterns of gene expression described below. Figure 2 shows representative images from transgenic nematodes expressing abts promoter::GFP transcriptional fusions. The abts-1 promoter drove GFP expression primarily in neurons and hypodermal cells, but weak fluorescence also was observed in the pharynx and body wall muscle cells (Fig. 1A) . The abts-2 promoter expressed GFP in a single neuron in the tail ganglion (Fig. 1C) . This pattern may indicate remarkable specificity but also may represent inappropriate expression of an incomplete gene. The abts-3 gene fusion was expressed exclusively in neurons and hypodermal cells coincident with abts-1 (Fig. 1E) . The abts-4 gene fusion was restricted to the intestine, with the highest expression observed in cells of the posterior-and anterior-most gut region (Fig. 1G) . Figure 3 presents images of strains expressing sulp promoter:: GFP transcriptional fusions. Many sulp family promoters drove GFP expression in cells that function in the transepithelial movement of nutrients, electrolytes, and water, and multiple isoforms were often expressed in single cell types. For example, each of the sulp-4, -5, and -8 fusions was strongly expressed in the excretory cell (Fig. 2) . The H-shaped excretory cell consists of two symmetric canals running laterally, linked at the cell body, and connected to the environment via a duct and pore. In addition to expression in the excretory cell, the sulp-8::GFP transgene was coexpressed in intestinal cells with sulp-2, sulp-6, and sulp-7 transgenes (Fig. 2) .
The sulp-1::GFP fusion was expressed strongly in multiple neurons and weakly in hypodermal cells, the intestine, and body wall muscle in a pattern close to that of abts-1 (Fig. 3A) . The sulp-3 promoter drove GFP expression exclusively in the pharyngeal muscles (Fig. 3E) . The sulp-7 transgene was widely expressed in body wall, pharyngeal, and vulval muscles, hypodermal cells of the body and head, and the intestine (Fig.  3M ), but it was entirely absent from neurons.
To establish subcellular localization of the putative anion transporter proteins, we expressed translational GFP fusions for abts-2 (single cell), abts-4 (intestine), sulp-2 (intestine), sulp-4 (excretory cell), sulp-5 (excretory cell), and sulp-8 3 SL1-transsplice leaders were identified for all of the abts gene products, but several EST clones from abts-3 that suggest the existence of two additional 5Ј exons occurring Ͼ10 kb upstream, followed by a large intron and replacing exon 1 (to which the RACE primers were designed), have recently been described in WormBase. This would result in a protein predicted to be 162 amino acids shorter at the 5Ј end (data not shown). This database information suggests that two alternate promoters may control transcription of the abts-3 gene. (intestinal and excretory cell). These fusions encompassed a genomic region consisting of the promoter and the entire ORF of the protein, with GFP attached in place of the natural stop codon. In the case of abts-4, the ORF was inserted as a cDNA fragment rather than as a genomic fragment, owing to vector size limitations. Table 2 summarizes the observed localizations of these fusion proteins.
Surprisingly, although expression of the abts-2::GFP transcriptional fusion was restricted to a single cell of the rectal ganglion, the abts-2 translational fusion was strongly expressed in the excretory cell of larva (Fig. 4A) . In addition, the ABTS-2::GFP fusion was expressed in the adult ovaries (Fig.  4C ). This suggests that important promoter or enhancer elements of the abts-2 gene were missing from the transcriptional fusion and likely reside within the first several introns. As was true for the abts-4 transcriptional fusion, the abts-4 translational fusion was expressed exclusively in the intestine, where it was localized to the basolateral membrane of the gut cells (Fig. 4E) .
The SULP-4-, -5-, and -8::GFP translational fusion proteins were expressed, as expected, in the excretory cell, but with significantly different distributions (Fig. 5) . The translational sulp-4 fusion resided in apical canaliculae that probably serve to transport salts and fluid from the cytoplasm to the lumen of the excretory cell (Fig. 5F ). In contrast, the sulp-5 fusion was localized to punctate structures distributed irregularly along the excretory canals (Fig. 5H) , and the sulp-8 fusion was found at the basolateral membrane (Fig. 5D) . SULP-8::GFP was also Table 1 ), the expression of abts-4 appeared to be restricted to the intestine and the expression of abts-2 seemed to be restricted to a single neuron in the tail.
found at the basolateral membrane of the intestine (Fig. 5, C  and E) . In addition to its expression in the excretory cell, the sulp-5 translation fusion was weakly expressed in adult seam cells, which overlie the excretory cell and serve as the junction between the main body of hypodermal cells (Fig. 5I) . SULP-2::GFP was expressed in a distribution nearly identical to that of SULP-8::GFP, the sulp gene product to which it is most similar (Fig. 5A) . However, the sulp-2 translational fusion was also expressed in the cephalic neurons, in which it localized to the sensillar endings in the nose (Fig. 5B) . The SULP-2 translational fusion protein was also expressed in the anterior deirid (ADE) and posterior deirid (PDE) neurons, in which the protein accumulated at the deirid sensilla located within the alae on the lateral lines (data not shown). The cephalic, ADE, and PDE neurons are dopaminergic (62) and function redundantly to allow the basal slowing response ob- C and D) . The sulp-3 promoter restricted expression exclusively to the pharynx, including pharyngeal muscle (pm) segments pm3, pm4, pm5, pm6, and pm7 (E and F). Both the sulp-4 and sulp-5 promoters drove GFP expression in the excretory cell (G-J), while the sulp-6 promoter was active primarily in the midgut (K and L). The sulp-7 promoter fusion resulted in bright GFP fluorescence in many cells of hypodermal, endothelial, and muscular lineage (M and N) . Finally, the sulp-8 promoter limited GFP expression to the intestine and the excretory cell (O and P). served in response to refeeding after a brief period in the absence of food (52) . Weak GFP expression in these neurons was observed in the transcriptional fusion as well (Fig. 3C) . Anion transport by ABTS and SULP proteins. The polypeptides encoded by the abts and sulp gene families are predicted to function as anion transporters. cRNA transcripts for ABTS-1, ABTS-2, SULP-2, and SULP-4 were injected into Xenopus oocytes. Anion influx assays were performed using Cl Ϫ , sulfate, and oxalate as substrates. As shown in Fig. 6 , SULP-4 exhibited robust transport of sulfate and more modest transport of Cl Ϫ and oxalate, whereas ABTS-2 did not mediate detectable uptake of Cl Ϫ , sulfate, or oxalate. The intestinal and neuronal SULP-2 exhibited modest uptake of sulfate. In contrast, the neuronal and hypodermal cell protein ABTS-1 exhibited robust Cl Ϫ uptake without uptake of sulfate or oxalate (Fig. 6 ). ABTS-1 was therefore also examined for Cl Ϫ /HCO 3 Ϫ exchange activity. As shown in Fig. 7 , ABTS-1 conferred on Xenopus oocytes a 2.4-fold increase in Cl Ϫ /HCO 3 Ϫ exchange activity.
DISCUSSION
Mammalian SLC4 AEs transport Cl Ϫ , HCO 3 Ϫ , OH Ϫ , and borate in both a Na ϩ -independent and a Na ϩ -dependent manner. Mammalian SLC26 AEs were originally identified as sulfate transporters, but SLC26 transporters more recently have been shown to transport a wide range of anions, including Cl Ϫ , HCO 3 Ϫ , OH Ϫ , oxalate, and formate. In polarized epithelial cells, most SLC4 AEs have been localized in basolateral membranes, but some reports of apical localization have been published. In contrast, SLC26 AEs more often have been localized to apical membranes, but several are found only basolaterally. Only SLC26 AEs interact functionally with CFTR.
To establish a genetically tractable model system in which to study AEs in the nematode C. elegans, we generated C. elegans cDNA encoding four abts polypeptides homologous to SLC4 AEs, and eight SULP polypeptides homologous to SLC26 AEs. We defined the cell type-specific expression patterns for these novel C. elegans polypeptides and documented functional anion transport activity for at least one member of each gene family. In combination with our previous studies of C. elegans NHEs, these results provide the foundation for the study of systemic acid-base physiology using the nematode model. Our results suggest that the molecular diversity of mammalian AEs is also present in worms. The four C. elegans abts genes correspond to nine mammalian SLC4 genes. The eight C. elegans sulp genes Fig. 4 . Intracellular localization of the ABTS-2 and -4 proteins: translational GFP fusions. The promoters, along with the full genomic coding regions of both abts-2 and abts-4, were fused in frame to GFP to localize proteins within cells. In contrast to the nonfusion GFP reporter (see Fig.  1C ), the fusion protein ABTS-2::GFP was expressed in the excretory cell in the larvae (A and B) as well as in the ovaries in the adult (C and D) and was localized to the basolateral membrane of the excretory cell. The ABTS-4::GFP fusion was expressed on the basolateral membrane of the midgut, most strongly in the posterior intestinal cells (E and F).
correspond to 11 SLC26 genes in mammals, one of which appears to be a pseudogene.
The C. elegans abts polypeptide sequences are not clearly orthologous to individual SLC4 sequences, although the highest pairwise percentage amino acid identities were 50% between ABTS-1 and SLC4A8 and 38% between ABTS-3 and the mammalian borate transporter BTR1. BTR1 was recently described as the 11th member of the SLC4 superfamily and was termed NaBC1 to reflect electrogenic Na ϩ -coupled borate transport (43) . BTR1 resembled ABTS-2, -3, and -4 more closely than it did any of the other mammalian slc4 isoforms. In addition, while there was a high degree of sequence relatedness between the Na ϩ -HCO 3 Ϫ cotransport arm of SLC4 and ABTS-1, the robust transport of Cl Ϫ by ABTS-1 expressed in Xenopus oocytes may be more consistent with Na ϩ -dependent Cl Ϫ /HCO 3 Ϫ exchange, such as that mediated by SLC4A8. In addition, the nematode proteins may display previously unrecognized or specialized functions.
Similarly, individual SULP polypeptides were not clear orthologs of single SLC26 polypeptides or subfamilies. The highest pairwise percentage amino acid identity was 33% between SULP-5 and SLC26A2, although the percentage amino acid similarity was ϳ50% between any given nematode polypeptide and human polypeptide.
Expression of the majority of these transporters was detected in polarized cell types, including the pharynx, the excretory cells, and the cells of the intestine (Table 1) . Each of these cell types serves a specialized function in worms, and these functions may suggest physiological roles for these transporters. For example, because no hypodermal layer separates the pharyngeal muscle anchorage from the cuticle and the pharyngeal muscles display myoepithelial properties and participate in the secretion of cuticle, the sulp-3 gene product might facilitate the accumulation of substrates for cuticle formation or in their export from the cell. Among these might be sulfate for sulfate proteoglycans and for the tyrosine sulfation apparently important for cuticular collagen cross linking (25) and (more speculatively) borate for cuticular glycan cross linking.
Laser ablation studies have shown that the excretory cell helps to maintain the osmolarity and volume of the pseudocoelom and that its loss leads to bloating and death within 24 h (40, 41) . The expression of at least three sulp isoforms in the excretory cell supports the hypothesis that these SULP proteins enhance transepithelial electrolyte and fluid secretion from the pseudocoelom to the duct lumen.
Furthermore, intestinal expression of multiple sulp genes along with abts-4 highlights the likely importance for this organ of anion transport and perhaps cellular and luminal pH regulation. Because electroneutral NaCl absorption in the mammalian intestine is mediated by parallel Na ϩ /H ϩ and Cl Ϫ /HCO 3 Ϫ exchange, it comes as no surprise that targeted genetic deletion of that apical enterocyte NHE3 leads to renal and intestinal absorptive deficits (53) , while mutations in human SLC26A3 cause congenital Cl Ϫ diarrhea (18) . Two of the three C. elegans nhx NHEs expressed exclusively in the intestine reside on the enterocyte apical membrane (39) . We therefore hypothesized that the enterocyte apical membrane would harbor at least one of the newly identified anion transporter proteins. However, each of the three gene products identified in intestinal cells was localized to the basolateral membrane, and preliminary data suggest that the long isoform of sulp-7 also encodes a protein targeted to the basolateral . SULP-8::GFP protein was also targeted to the basolateral membrane of the midgut and rectal gland cells (C), as well as to the excretory cell, as shown in an overlay using confocal microscopy (D). This targeting was readily apparent in a recently hatched L1 larva (E). In contrast, the SULP-4::GFP fusion protein was localized via confocal imaging to the canaliculae leading to the apical membrane of the excretory cell (inset: basolateral boundary of the cell delineated by red pseudocolor) (F). This is shown more clearly in a confocal cross section of the excretory canal near the cell body, where an arrow marks the lumen and the protein resides in the canalicular membrane (G). The SULP-5::GFP fusion protein is also targeted to the apical membrane, but with a focal, punctate distribution (H). Expression of SULP-5::GFP was variably noted in the seam cells of adult animals (arrowhead), as well as in the underlying excretory cell (arrow), as shown in a confocal Z series image stack (I). membrane (data not shown). Indeed, most of the GFP fusion polypeptides were localized basolaterally, which raises the possibility that they might be missorted, especially if normal sorting required integrity of the COOH-terminal PDZ recognition motif. Confirmation of these initial results will require the use of antibodies directed toward the native sequences. It remains possible that the sulp-6 gene product, which could not be examined as a translational GFP fusion because of an incomplete cDNA 3Ј end, may reside on the enterocyte apical membrane.
We also have shown that SULP-2 resides in the sensory cilia of ADE, PDE, and cephalic neurons. These dopaminergic neurons (62) cooperatively mediate the basal slowing response produced in well-fed worms by the reintroduction of food (52) . Dopamine signaling modulates behavioral plasticity in C. elegans (50) , and degeneration of these dopaminergic neurons has been studied in a worm model of Parkinson's disease. The restriction of neuronal SULP-2 expression to these three sets of functionally redundant cells suggests a possible role for SULP-2 related to dopaminergic function, and the link between neuronal and intestinal function may be significant. Because the roles of SLC4 and SLC26 AEs in mammalian neuronal function remain little understood (9), the study of C. elegans homologs may provide important insights.
Finally, we have shown that ABTS-2 and SULP-4 each mediate anion transport in Xenopus oocytes. Recombinant expression of ABTS-1 also results in detectable Cl Ϫ /HCO 3 Ϫ exchange using a microelectrode approach to monitoring membrane voltage and pH i (Romero M, unpublished observations). More extensive study of anion transport selectivity and optimization of functional expression systems will provide further insight to complement ongoing functional genetic studies. The annotated genome and genetic tractability of the nematode model makes it particularly well suited to the study of integrative physiology (61) . The transparency of the nematode allows for the use of transgenic fluorescent fusion proteins for real-time in vivo measurement of protein trafficking, pH i (35) , and intracellular cytoplasmic and/or organellar Ca 2ϩ concentration (36) . Advances in electrophysiological techniques have provided insights into electrogenic transport processes in the intact worm (14, 46) , while the advent of embryonic cell culture has allowed comparative in vivo and in vitro study of identified single cells of defined lineage and developmental status (10) . Together with the fast-growing repertoire of de- fined mutant strains, these experimental advantages facilitate direct physiological and biophysical study of individual ion transporters in the intact living organism. The data presented herein establish a model system for genetic studies of anion transport and acid-base physiology in the intact animal.
